S5 is a small subunit ribosomal protein (r-protein) linked to the functional center of the 30S ribosomal subunit. In this study we have identified a unique amino acid mutation in Escherichia coli S5 that produces spectinomycin-resistance and cold sensitivity. This mutation significantly alters cell growth, folding of 16S ribosomal RNA, and translational fidelity. While translation initiation is not affected, both +1 and À1 frameshifting and nonsense suppression are greatly enhanced in the mutant strain. Interestingly, this S5 ribosome ambiguity-like mutation is spatially remote from previously identified S5 ribosome ambiguity (ram) mutations. This suggests that the mechanism responsible for ram phenotypes in the novel mutant strain is possibly distinct from those proposed for other known S5 (and S4) ram mutants. This study highlights the importance of S5 in ribosome function and cell physiology, and suggests that translational fidelity can be regulated in multiple ways.
INTRODUCTION
Ribosomes are macromolecular machines responsible for one of the most important cellular events: translation of messenger RNA (mRNA) into protein. Ribosomes of all organisms are comprised of two asymmetric subunits, each of which is composed of many ribosomal proteins (r-proteins) and at least one ribosomal RNA (rRNA). In prokaryotes, the two functionally distinct subunits that form the 70S ribosome are the small (30S) and large (50S) subunits. It is well established that each of the main structural domains, the body, platform, and head, of the 30S subunit are involved in binding mRNA and selecting transfer RNA (tRNA). Thus, it is critical that the individual domains of the 30S subunits are accurately assembled and appropriately aligned for proper decoding and maintenance of reading frame during translation (Ramakrishnan 2002) .
Only a limited number of r-proteins, S4, S5, and S12, have been genetically (for review, see Kurland et al. 1996) and structurally Brodersen et al. 2002) linked to the functional center of the 30S subunit. Of these three r-proteins, a role for S12 in decoding is the most obvious, since it is the only small subunit r-protein proximal to the decoding center and located on the interface side of the subunit shoulder Brodersen et al. 2002) . Ribosomes containing specific S12 mutations result in hyperaccurate (restrictive) phenotypes (for review, see Kurland et al. 1996) demonstrating the important role of this protein in decoding. Additionally, r-protein S12 makes direct contacts with 16S rRNA residues that are implicated in mRNA binding and tRNA selection Brodersen et al. 2002; Ogle et al. 2002) . In contrast with S12 mutations, ribosomes containing specific mutations in S4 are less accurate than wild-type ribosomes and represent a loss of function (Donner and Kurland 1972; Funatsu et al. 1972a; Van Acken 1975; Schnier et al. 1985) . Thus, S12 and S4 mutations have opposite effects on selection of cognate tRNA. r-Protein S4 forms part of the shoulder on the solvent surface of the body of the 30S subunit. Although S4 is somewhat removed from the decoding center , structural studies have begun to explain how S4 participates in decoding (Ogle et al. 2002 (Ogle et al. , 2003 . r-Protein S5 interacts directly with S4, and is involved in an extended interface between the shoulder and platform of the 30S subunit Brodersen et al. 2002) . S5 is located 1 at the top of the body near the head of the 30S subunit, and is on the solvent surface of this subunit . Therefore, S5 is also quite remote from the decoding center. Nevertheless, as with S4, certain mutations in S5 can result in error-prone ribosomes, suggesting that S5 influences decoding from a distance (Itoh and Wittmann 1973; Piepersberg et al. 1975a) . Recently, a model showing how S12, S4, and S5 influence tRNA selection and translational fidelity has been proposed (Ogle et al. 2002 (Ogle et al. , 2003 . In this model, the 30S subunit undergoes a conformational rearrangement, or domain closure, during tRNA selection, which involves movement of the 30S subunit shoulder toward the functional interface of the subunit (Ogle et al. 2002) . Upon domain closure, the contacts between S4 and S5 are disrupted to accommodate movement of the 30S subunit shoulder, including S12, toward the functional center (Ogle et al. 2002) . The known mutations in both S4 and S5 that result in increased miscoding (ribosome ambiguity mutants [ram] ) are localized to the interface between these two r-proteins. These mutations weaken the interactions between these r-proteins, thereby allowing the closed conformation to form more readily. Thus, this model suggests that S5 is linked to the decoding center via a network of defined interactions within the 30S subunit.
Many studies also suggest a central role for r-protein S5 during formation of functional sites within the 30S subunit. Assembly of S5 onto 16S rRNA-containing ribonucleoprotein particle (RNP) facilitates the binding of two additional r-proteins, S3 and S21 (Mizushima and Nomura 1970; Held et al. 1974) . It has been suggested that these proteins aid in forming the tRNA-binding sites during assembly of 30S subunits (Vladimirov et al. 1985; Ramakrishnan et al. 1986 ). Consistent with these observations, in vitro reconstitution of 30S subunits in the absence of S5 results in the formation of particles that have diminished ability to bind tRNA and sediment at 28S . Thus, changes in S5 may have far-reaching consequences on the function of the ribosome by virtue of its facultative role in forming and maintaining functional 30S subunit architecture.
Genetic analysis has often been used to gain an understanding of the functional significance of r-proteins, and S5 is no exception. Specific amino acid changes in S5 that result in fidelity defects (ram) (Itoh and Wittmann 1973; Piepersberg et al. 1975a ) and in spectinomycin resistance (spc r ) (Bollen et al. 1969; Funatsu et al. 1972b; De Wilde and Wittmann-Liebold 1973; Piepersberg et al. 1975b; Wittmann-Liebold and Greuer 1978) have been identified. Additionally, mutations in S5 that yield spectinomycin resistance in combination with cold sensitivity have been reported (Guthrie et al. 1969; Nomura 1987) , but the specific amino acid change(s) responsible for these phenotypes have not. Analysis of such strains would offer a unique opportunity to understand S5 function as the combination of these two phenotypes have not been reported in other S5 mutant strains. Regrettably, the original cold-sensitive and spectinomycin-resistant strain is no longer viable (M. Nomura, pers. comm.) . Thus, to further expand our understanding of the role of S5 in ribosome function, Escherichia coli strains with similar phenotypes to those previously described (cold-sensitivity and spc r ) were selected (Guthrie et al. 1969) . In these strains we have identified a single change of a highly conserved glycine at position 28 to an aspartate in S5 (S5 [G28D] ) that results in multiple in vivo and in vitro effects. This mutation in S5 results in defects in ribosome biogenesis, tRNA binding, and translational fidelity. These findings are of particular interest, since the position of this mutation is quite remote from the clustering of the other S5 (and S4) ram mutations and suggest that a more complex multifaceted model for regulation of translational fidelity must be invoked. Thus, a single point mutation in the rpsE gene allows for a better understanding of the role of S5 in organizing functional conformations within the 30S subunit.
RESULTS

In vivo genetics and selection of mutants
To isolate strains similar to those previously reported (Guthrie et al. 1969 ) a dual selection strategy was employed. E. coli strains that were resistant to spectinomycin (60 mg/mL) were first selected, followed by a second selection for cold sensitivity. Five independent isolates were identified that possessed both of these phenotypes, which were verified through multiple rounds of testing. Overexpression of wildtype S5 (rpsE) was shown to suppress the phenotypes associated with all five isolates, indicating that for each of these independent strains the chromosomal mutation likely occurred in the rpsE gene (data not shown) and not in any of the 16S rDNA genes or at other loci (Moazed and Noller 1987; Brink et al. 1994; Carter et al. 2000) . The genomic rpsE genes were sequenced from the five mutants to identify the site(s) of mutation. All five independent isolates contained the same point mutation, suggesting that the selection was saturated. Four of the five mutants contained a single nucleotide change, resulting in an amino acid change of a highly conserved glycine to an aspartate at position 28 (G28D) (see Fig. 1 ; numbering corresponds to S5 sequence of E. coli). The fifth mutant contained this same change but also had a second mutation, which resulted in an aspartate replacing glycine at position 27. The phenotypes of the single and the double mutants were quite similar (data not shown); thus, only the single amino acid change was further characterized. To confirm that this change in S5 was solely responsible for the observed phenotypes, a P1 lysate from the S5(G28D) mutant strain was used to infect a wild-type strain. Given that spc r should be linked with our mutation, spc r transductants were selected. The selected strains were also cold sensitive, and sequencing of the rpsE gene from one of the strains revealed that G28D mutation was indeed present. This result effectively eliminated the possibility that additional genomic changes contribute to the observed phenotypes, and confirmed that these were due to a change of the highly conserved amino acid (glycine 28 to aspartate). Interestingly, the site of this mutation is proximal to, yet distinct from, amino acid changes in S5 that were previously reported to yield spc r ( Fig. 1B ; Bollen et al. 1969; Funatsu et al. 1972b; De Wilde and Wittmann-Liebold 1973; Wittmann-Liebold and Greuer 1978) , and this mutation is positioned near the convergence of the major domains of the 30S subunit (see Fig. 1C ; Wimberly et al. 2000 . Thus, the dual selection for spc r in combination with cold sensitivity appears to have resulted in isolation of a strain carrying a novel mutation. This mutation appears to have unique properties, since this glycine 28 to aspartate was the only change isolated and it was found in multiple independent strains.
Growth properties of the S5(G28D) strain
While the cold-sensitive phenotype had been grossly established, careful examination of doubling times revealed a growth defect of the S5(G28D) mutant strain relative to the parental strain at all temperatures. Even at the permissive temperature (37°C), the S5(G28D) mutant strain had an exaggerated doubling time (43 min) compared to wild type (25 min), suggesting that while tolerated, this mutation is deleterious. As expected, at reduced temperature (20°C), growth is undetectable for the mutant strain (doubling time of >300 min versus 54 min for wild type). Similar growth rates were observed both in the presence and absence of spectinomycin in liquid and on solid media (data not shown), indicating that spectinomycin does not have an apparent effect on growth of the mutant strain. These results suggest that this mutant allele of S5 results in a strain, which is not only cold sensitive but also compromised for growth at all temperatures.
Analysis of ribosomes isolated from the S5(G28D) strain
To begin to address the consequence of this mutation and to possibly identify the underlying cause of the growth defects, ribosomes isolated from the S5(G28D) strain were examined. When the mutant strain was grown at 37°C, the 30S and 50S subunit peaks were comparatively and consistently larger than those observed in wild type (Fig. 2 , Panels I,II). Concomitantly, reduced amounts of 70S ribosomes and polysomes were routinely observed in profiles from the mutant strain (Fig. 2, Panel II) , and the relative amounts of 70S ribosomes and polysomes in these profiles were somewhat variable. Figure 2 shows panels of representative profiles; polysomes were not observed due to an elongated run time that facilitated analysis of the free subunits and monosomes (see Materials and Methods). After a shift to the nonpermissive temperature, the ribosome FIGURE 1. Glycine 28 of S5 is highly conserved throughout phylogeny and located in loop 2 of the protein. (A) Sequence comparisons of loop 2 and its flanking regions of r-protein S5 (or its equivalent) from various species. A partial region of the S5 amino acid sequence is shown. The numbering of E. coli S5 is used throughout the manuscript. Conserved Gly 28 is highlighted in red and loop 2 is boxed. Positions 20, 21, and 22, highlighted in green in the E. coli sequence, are amino acids whose mutations were previously reported to result in spectinomycin resistance (Itoh and Wittmann 1973; Wittmann-Liebold and Greuer 1978) . The S5 ribosomal sequences used in sequence alignment and their accession numbers in parenthesis are as follows: Esch: Escherichia coli (AAA58100), Strep: Streptococcus thermophilus (YP_142245), Geobac: Geobacillus stearothermophilus (1PKP), Ther: Thermus thermophilus (P27152), Arabid: Arabidopsis thaliana (P49688), Homo: Homo sapiens (NP_002943), Sacch: Saccharomyces cerevisiae (P25443), and Halo: Haloarcula marismortui (P26815). (B) Three-dimensional structure of r-protein S5 from T. thermophilus 30S subunits . Conserved Gly 28 is shown in red. Amino acids corresponding to positions 20, 21, and 22 in E. coli S5, which give spectinomycin resistance, are shown in green (Itoh and Wittmann 1973; Piepersberg et al. 1975b; Wittmann-Liebold and Greuer 1978) . Ribbons (Carson 1997) were used to generate this and all structural figures within in the manuscript. (C) Three-dimensional structure of 16S rRNA with r-protein S5 from T. thermophilus 30S subunits solved in the presence of antibiotics, streptomycin, spectinomycin, and paramomycin ) (1FJG.pdb). 16S rRNA is shown in gray, S5 is shown in blue, and glycine 28 is shown in red; all other r-proteins are omitted for clarity.
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profiles for the S5(G28D) strain were even more dramatically altered. Very few, if any, 70S ribosomes are evident at the nonpermissive temperature in the mutant strain (Fig. 2 , Panel IV). Additionally, a distinct peak that sediments in a region consistent with pre-30S particles (Fig. 2 , Panel IV) was observed in profiles from the mutant strain. This profile is consistent with ribosome biogenesis defects observed in other cold-sensitive strains (Guthrie et al. 1969; Nashimoto et al. 1971; Dammel and Noller 1995) , and 16S rRNA is a component of this new peak (N. Kirthi, B. Raichoudhary, and G. Culver, unpubl.) . The growth defects and abnormal ribosome profiles observed in this S5(G28D) mutant strain suggest that this mutation alters the pool of functional ribosomes in vivo.
In vitro characterization of 30S subunits and ribosomes containing S5(G28D)
To allow further investigation of the role of S5, and particularly this specific mutation, 30S subunits containing S5(G28D) were reconstituted in vitro. The S5(G28D) protein was purified as previously described for the recombinant wild-type protein (see Materials and Methods). Reconstitution of 30S subunits using natural 16S rRNA and a complete set of recombinant small subunit r-proteins including the S5(G28D) mutant protein ensures that all other components are wild type and mature. Additionally, in vitro reconstitution allows particles formed in the absence of S5 (the gene encoding S5 is essential in vivo; M. Bububenko and D. Court, pers. comm.) to be formed as a control and compared with earlier work . Particles that sediment near, but not coincident with, wild-type 30S subunits were observed when reconstitution was performed using S5(G28D) or in the absence of S5 (Fig. 3A) . The altered sedimentation profile in the absence of S5 is consistent with previous work ). These results suggest that particles formed without S5 or with S5(G28D) are not as compact as wild-type 30S subunits.
To begin to assess the functional consequence of the mutation of this highly conserved glycine residue, in vitro reconstituted 30S particles were assayed for their ability to associate with natural 50S subunits to form 70S ribosomes (Fig. 3B ). In all cases (wild-type S5, S5[G28D], and no S5), the majority of the reconstituted particles were competent for association with 50S subunits, as indicated by the appearance of 70S peaks ( Fig. 3B ) and the disappearance of 30S peaks (Fig. 3 , cf. A and B). The mutation of glycine to aspartate in S5 does appear to produce broader 70S peaks but is clearly not inhibitory. Thus, our in vitro results correlate well with our in vivo studies and suggest that the S5(G28D) mutation is not inhibitory for all 30S subunit functions.
In vitro reconstituted 30S subunits and 70S ribosomes containing wild-type S5, S5(G28D), and no S5 were assessed for their ability to bind tRNA to further evaluate the functional consequences of S5(G28D) mutation. The 30S-like subunits reconstituted with S5(G28D) or without S5 showed significantly reduced levels of tRNA binding (z25%) (Fig. 3A) when compared to the 30S particles reconstituted with wild-type S5. Interestingly, in the context of 70S ribosomes, the S5(G28D) mutation did not have such a dramatic effect on tRNA binding and showed z85% binding compared to wild type (Fig. 3B ). This ''rescue'' of tRNA binding in 70S ribosomes requires the presence of S5, as the subunits lacking S5 did not show the same enhanced activity in 70S ribosomes (see Fig. 3 ). This difference between the mutant protein and no S5 indicates that the S5(G28D) protein is incorporated into 30S subunits, and this contention is further validated by additional data (see below). These results are consistent with a role for S5 in tRNA binding and 30S subunit functions, and suggest that the specific mutation of the highly conserved glycine at position 28 to aspartate has dramatic effects on these roles.
In vivo functional analysis of ribosomes containing S5(G28D)
Although our isolated mutation in S5 maps outside of the region previously identified to have effects on translational FIGURE 2. Altered ribosome profiles are observed in the S5(G28D) mutant strain. Sucrose gradient sedimentation analysis of ribosomes isolated from the wild-type/parental CSH142 and S5(G28D) mutant strains. Positions of the 30S, 50S, and 70S subunits are indicated. The gradients were pumped from the top to the bottom and the elution of the subunits was detected by monitoring optical density (OD) at 254 nm. Panels I and II correspond to polysome analysis of CSH142 and S5(G28D) grown at 37°C. Panels III and IV correspond to polysome profiles of CSH142 and S5(G28D) grown at 20°C. Polysomes are not resolved due to sedimentation conditions (see Materials and Methods).
fidelity (see Fig. 7 ; Piepersberg et al. 1975a) , preliminary in vitro studies suggested that, in addition to an effect on cognate tRNA binding (Fig. 3) , this glycine 28 to aspartate mutation of S5 could favor binding of near-cognate tRNA (data not shown). Therefore, the accuracy of ribosomes containing S5(G28D) was examined in vivo using a lac À strain containing the S5(G28D) chromosomal mutation (see Materials and Methods). Plasmids carrying either the wild-type lacZ gene or the lacZ gene with mutations in the 59-coding region enable miscoding to be assessed by monitoring b-galactosidase activity in the parental and mutant strains. A moderate to significant affect on nonsense suppression was observed in the S5(G28D) mutant strain compared to the parental (wild-type) strain (Fig. 4) . In addition, a dramatic increase in both +1 and À1 frameshifting was also observed in strains bearing the S5(G28D) mutation (Fig. 4) . However, this S5 mutation did not significantly affect the fidelity of translation initiation in vivo (data not shown). These results clearly illustrate that the mutation of glycine 28 to aspartate in S5 yields a loss of function phenotype, very similar to those observed in the previously characterized S5 ram strains (Itoh and Wittmann 1973; Piepersberg et al. 1975a ). These results in combination with the exacerbated phenotype in the presence of streptomycin (data not shown) suggest the mutation of S5 glycine 28 to aspartate produces a novel ram strain. Since this mutation site is structurally remote from the other ram sites (Itoh and Wittmann 1973; Piepersberg et al. 1975a) , it is possible that translational fidelity could be modulated in multiple ways.
Probing 30S subunits and ribosomes containing S5(G28D)
A possibility existed that the observed tRNA binding and translational fidelity defects could be pleotrophic and not due directly to the S5(G28D) mutation. Thus, the composition and structure of subunits containing S5(G28D) was assessed. While our tRNA-binding data indirectly suggested that the mutant protein was incorporated into subunits (see Fig. 3 ), analysis of the protein composition of in vitro reconstituted particles directly indicates that, like wild-type S5, S5(G28D) is associated with the subunits (Fig. 5A , lane 2), and this band is clearly absent from proteins isolated from reconstitutions lacking S5 (Fig. 5A, lane 3) . Additionally, chemical probing and primer extension analysis of in vitro reconstituted particles indicates that S5(G28D) yields similar footprints (Fig. 5B, lane 3) to those reported (Stern et al. 1988a, b, c) and observed for wild-type S5 (Fig.  5A, lane 3) . In contrast, footprints are clearly lacking in particles reconstituted in the absence of S5 (Fig. 5B, cf lanes  2,3 and 4) .
Although the overall r-protein patterns appear similar between reconstituted particles containing wild-type or mutant S5 (Fig. 5A, lanes 1,2) , the significant functional differences between ribosomes containing these proteins necessitated more detailed analysis. Although S4 is a primary binding protein and not dependent on S5 for assembly ( Fig. 5C ; Held et al. 1974) , defects similar to those observed for S5(G28D) have also been reported in S4 studies Donner and Kurland 1972; Funatsu et al. 1972a; Van Acken 1975; Schnier et al. 1985) . Thus, the association of S4 with the subunits containing S5(G28D) was analyzed. Immunoblotting reveals that S4 is subunit is indicated. The gradients were pumped from the top to the bottom and the elution of the subunits was detected by monitoring OD at 254 nm. Panel I shows the 30S peak for the in vitro reconstituted 30S particle with wild-type S5. Panels II and III show the 30S-like peak for the in vitro reconstituted 30S with S5(G28D) and no S5, respectively. (B) Sedimentation analysis of ribosomal subunit association using in vitro reconstituted 30S particles and natural 50S subunits. Positions of 50S and 70S subunits are indicated. Subunit association of natural 50S subunits (40 pmol) with 30S particles reconstituted with wild-type S5 (40 pmol) (Panel I), S5(G28D) (Panel II), and no S5 (Panel III) are shown. Sedimentation is from left to right, and the absorbance was monitored at 254 nm. Poly-U-dependent tRNA binding activity of the particles is given in the right-hand column. associated with 30S subunits assembled with S5(G28D) (Fig. 5D, lane 4) and in the absence of S5 (Fig. 5D, lane 5) , suggesting that the functional defects are not due to the absence of S4. To further ascertain if the S5 mutant protein disrupted assembly events, the presence of ribosomal protein S3 in the reconstituted particles was analyzed. The assembly of S3 in the context of the S5 mutant is significant for two main reasons. S3 is partially dependent on S5 for assembly ( Fig. 5C ; Held et al. 1974) , and its absence during assembly of 30S subunits has been linked to defects in tRNA binding Ramakrishnan et al. 1986 ). Although S3 is partially dependent on S5 for assembly (see Fig. 5C ; Held et al. 1974) , it is present when particles are reconstituted with S5(G28D) and with no S5 (Fig. 5D, lanes 4,5) . Additionally, analysis of in vivo particles and in vitro reconstituted 30S subunits by mass spectrometry revealed that all of the small subunit r-proteins, including S21, which is partially dependent on S5 for assembly (Fig. 5C ), were present when subunits were formed with either wild type or G28D S5 (data not shown). Thus, it is unlikely that the defects observed in tRNA binding and translational fidelity in subunits containing S5(G28D) result from the lack of other functionally relevant r-proteins.
While a model for how previously reported mutations in S5 (and S4) result in ram phenotypes has been put forth (Ogle et al. 2002) , this model does not obviously explain the results observed for S5(G28D). Position 28 of S5 is quite remote from the S4/S5 interface (see Fig. 7B ), and thus does not readily fit the current model for how the ram mutations alter tRNA selection (Ogle et al. 2002) . To gain a better understanding of the effect of S5(G28D) on ribosome conformation, which could account for the functional defects described above, chemical probing and primer extension analysis were performed on 30S and 70S particles isolated from either wild-type or S5(G28D) strains.
The 30S subunits containing the mutant protein were more highly modified than those containing wild-type S5 (Fig. 6A) . In 30S subunits containing S5(G28D) the majority of reactivity changes are at sites implicated in mRNA and tRNA binding Yusupova et al. 2001) , intersubunit connections (Merryman et al. 1999; , and functional pseudoknot formation (Powers and Noller 1991; Poot et al. 1998 ) and helices (Woese et al. 1980) . Additionally, the majority of reactivity changes attributed to r-protein footprints are similar to those previously reported ( Fig. 6A ; Powers et al. 1988; Stern et al. 1988a,b) . These results are highly consistent with our in vitro (Fig. 3 ) and in vivo (Fig. 4 ) data, and suggest that S5(G28D) mutant protein alters the architecture of functional sites within the 30S subunit but does not grossly alter the binding of the other r-proteins.
The number of reactivity differences is greater in mutant 30S subunits than in the corresponding 70S ribosomes (Fig.  6A,B) . Since the S5(G28D) mutation has some effect on 30S subunit biogenesis (see Fig. 2 ), it is possible that the differences arise from probing a heterogeneous population of 30S-like particles. In contrast, the 30S subunit components of the 70S ribosomes have been functionally selected via subunit association, and therefore might represent a more homogeneous population. Additionally, given our fidelity results in the S5(G28D) mutant strain (see Fig. 4 ), understanding differences between wild-type and these S5 mutant 70S ribosomes will yield more functionally relevant information. Many of the modifications that were observed in helical elements of the mutant 30S subunits are not present in the corresponding 70S ribosomes (data not shown; nucleotides 299, 301, 302, 928, 929, 1182, 1385 , and 1392; Fig. 6A,B) . Also, the changes at the intersubunit connections are less pronounced or absent in the 70S ribosomes (data not shown; nucleotides 703, 705, 803, 818, and 1094; Fig. 6A,B) . These data are consistent with our in vitro results (see Fig. 3 ). Most importantly, the majority of reactivity differences between wild-type and S5(G28D) 70S ribosomes are found at functional sites, even more so than in the 30S subunits (Fig. 6A,B) . Again, sites that have been implicated in tRNA and mRNA binding are differently modified in the mutant ribosomes (data not shown; nucleotides 693, 925, 926, 971, 973, and 1338; Fig. 6A ,B; Moazed and Noller 1990; Yusupova et al. 2001) . The changes are concentrated at the bottom of the head, along the neck, and in the top of the platform (Fig. 6B) . These changes in accessibility to chemical probes are quite distinct from those observed when subunits containing one of the S4 ram mutants, which maps to the S4/S5 interface, were probed (Allen and Noller 1989) . These S4 ram containing ribosomes showed differential reactivity at only two nucleotides, A8 and A26 (Allen and Noller 1989) . Thus, it appears that the structural changes associated with this S5 mutant protein are distinct from those associated with another ram mutation. Our data suggest that the alignment of the head and platform is altered in the S5 mutant ribosomes, and this could have a significant impact on the functional capacity of the ribosomes, especially in maintenance of the reading frame.
DISCUSSION
In an attempt to gain insight into the functional role of r-protein S5, E. coli strains with spectinomycin-resistant and cold-sensitive phenotypes were selected. We identified a unique mutation in the rpsE gene of E. coli that results in a glycine 28 to aspartate (G28D) substitution in S5. This mutation is responsible for the selected phenotypes as well as the marked effect on ribosome function, namely, tRNA binding and translational fidelity. Thus, this single amino acid change, in the context of this large macromolecular complex, has a profound effect on ribosome function. This mutation is distinct from previously identified ribosome ambiguity mutations, and thus offers new insight into the role of S5 in maintenance of translational fidelity and reveals that translational fidelity can be modulated in different manners.
Spectinomycin resistance of the S5(G28D) strain
One phenotype that our mutant strain exhibits is spectinomycin resistance. Glycine 28 is located in loop 2 of S5 (Ramakrishnan and White 1992) , and is within 5 Å of the spectinomycin binding site in the 30S subunit . Spectinomycin binding is disrupted in ribosomes containing the S5(G28D) mutation (data not shown), and this lack of binding would account for resistance. It is possible that spectinomycin, a fused ring antibiotic, cannot bind the mutant ribosomes due to introduction of a bulky charged aspartate residue in the place of the highly conserved glycine. Earlier studies have shown that mutations at other positions of loop 2 in S5 (residues 20, 21, or 22) (Itoh and Wittmann 1973; Piepersberg et al. 1975b; Wittmann-Liebold and Greuer 1978) and mutation of specific 16S rRNA residues (Sigmund et al. 1984; Makosky and Dahlberg 1987 ) also result in spc r strains (Fig. 1A,B) ; however, unlike the S5(G28D) mutation, cold sensitivity (Piepersberg et al. 1975b; FIGURE 5 . Analysis of r-proteins associated with 30S subunits reconstituted with S5(G28D). (A) SDS-PAGE analysis of in vitro reconstituted 30S subunits. Positions of S5 and approximate molecular weights are indicated. Lane 1, 2, and 3 correspond to in vitro reconstituted 30S particles with wild-type S5, S5(G28D), and no S5, respectively. (B) Primer extension analysis of in vitro reconstituted 30S subunits containing S5(G28D) protein. A and G correspond to dideoxy sequencing lanes. Lane 1: unmodified 30S subunits reconstituted with wild-type S5. All other lanes have been modified with kethoxal. Lanes 2, 3, and 4 correspond to reconstituted 30S particles with wild-type S5, S5(G28D), and no S5, respectively. Circles denote the sites of protection in the presence of r-protein S5. Primer 161 was used in this extension. (C) Modified in vitro assembly map for 30S subunits (Mizushima and Nomura 1970; Held et al. 1974; Grondek and Culver 2004) . 16S rRNA is represented by a rectangle and arrows indicate dependency between components for association with 16S rRNA. (D) Western blot analysis of in vitro reconstituted 30S particles. Anti-S3 and -S4 antibodies were used to detect these r-proteins. Lanes 1 and 2 are purified recombinant S3 and S4 proteins, which are control proteins. Lanes 3, 4, and 5 have 40 pmol of sucrose gradient purified, in vitro reconstituted 30S particles with wild-type S5, S5(G28D), and no S5, respectively.
Wittmann-Liebold and Greuer 1978; Sigmund et al. 1984; Makosky and Dahlberg 1987) and translational fidelity defects (Piepersberg et al. 1975a; Andersson et al. 1986) have not been associated with these mutations. Thus, our mutation appears to be distinct from those previously characterized, and was likely identified due to selection for both spc r and coldsensitive phenotypes. The isolation of a strain bearing a single amino acid change in r-protein S5 that displays such remarkable phenotypes clearly indicates the importance of S5 for ribosome formation and function.
Conservation and position of Glycine 28 of S5
The mutation that we have isolated occurs at a highly conserved glycine residue (G28), which is located in loop 2 of S5 ( Fig. 1 ; Ramakrishnan and White 1992) . The overall identity between S5 proteins of E. coli and Homo sapiens is only about 29%; however, the glycine at position 28 is conserved in all current prokaryotic and eukaryotic S5 sequences (Fig. 1A) . Additionally, the conservation does not extend to the whole of loop 2 (Fig. 1A) . Of particular note are the amino acids at positions 20-22 of S5, which are in the same loop as glycine 28 ( Fig. 1B ; Ramakrishnan and White 1992) and can also be mutated to result in spc r (Sigmund et al. 1984; Makosky and Dahlberg 1987) . However, conservation at these positions is low (Fig. 1A) . While mutation of these other residues in loop 2 yield resistance to spectinomycin, changes at these other loop 2 residues have not been associated with cold sensitivity or ribosome ambiguity (Itoh and Wittmann 1973; Piepersberg et al. 1975a, b; Wittmann-Liebold and Greuer 1978) . Additionally, mutation of G28 to D in S5 appears to be the only change to yield both spc r and cold sensitivity. Thus, the functional importance of glycine 28 to S5 revealed in our work is underscored by its marked level of conservation.
Structural studies also suggest that loop 2 of S5 may have functional significance. The positioning of this loop differs in the structure of free S5 (Ramakrishnan and White 1992) compared to the structure of S5 as part of the 30S subunit (Brodersen et al. 2002) . In the structure of S5 alone (Fig. 7A , Panel I; Ramakrishnan and White 1992) this loop is FIGURE 6. Ribosomal subunits of S5(G28D) have altered 16S rRNA conformation. (A) Primer extension analysis of 30S subunits and 70S ribosomes isolated from the S5(G28D) strain. A and G correspond to dideoxy sequencing lanes. Lanes 1 and 4 are unmodified 30S subunits and 70S ribosomes isolated from the wild-type S5 strain. All other lanes have been modified with kethoxal. Lanes 2 and 5 are 30S subunits and 70S ribosomes, respectively, isolated from the wild-type S5 strain. Lanes 3 and 6 are 30S subunits and 70S ribosomes, respectively, isolated from the S5(G28D) strain. Filled circles denote the sites of altered reactivity in the S5(G28D) mutant 30S subunits, open squares denote sites of altered reactivity in the S5(G28D) mutant 70S ribosomes, and open squares with filled circles inside denote sites of altered reactivity in both mutant 30S subunits and 70S ribosomes. Panels I, II, III, and IV correspond to primer extensions done with primers 795, 1046 (Panels II,III), and 1490, respectively. (B) Kethoxal probing data mapped on the tertiary structure of E. coli 30S subunit (Schuwirth et al. 2005) . Red circles denote enhancement in reactivity and black circles denote protections. Panels I and II show the guanine residues with altered reactivity in S5(G28D) 30S subunits and 70S ribosomes compared to wildtype particles, respectively. The 16S rRNA is shown in gray, and none of the r-proteins are shown.
Study of a novel S5 ram mutant protein www.rnajournal.org 2087 folded back on the body of the protein, while in the T. thermophilus 30S subunit (Fig. 7A , Panel II; Wimberly et al. 2000) and E. coli 70S ribosome (Fig. 7A, Panel III; Schuwirth et al. 2005) it is an extended beta sheet. Our findings that mutation of the conserved glycine in this loop has a dramatic effect on function concur with the proposal that this loop of S5 is important for the appropriate orientation of the head and body of the 30S subunit, and therefore crucial for the function of the ribosome . Additionally, elements of loop 2 of S5 form part of a tunnel that defines the mRNA path through the 30S subunit ). Thus, it is possible that substitution of glycine 28 for aspartate in this loop alters the formation or mobility of the loop, disrupting the appropriate positioning of this central element, and thereby affecting 30S subunit assembly, structure, and function.
Functional consequences of the S5(G28D) mutation
While finding that a mutation in ribosomal protein S5 has an effect on translational fidelity is not surprising, that such a mutation is located in loop 2 of S5 is surprising. The two previously characterized ram mutations in S5 map to the interface with S4 and are proximal to the ram mutations in S4 (see Fig. 7B ; Itoh and Wittmann 1973) . The positioning and the amino acid changes of these mutations led to an elegant model whereby destabilization of the S4/S5 interface promoted closure of the 30S subunit, and thus allowed compromised tRNA selection (Ogle et al. 2002) . Glycine 28 in S5 is remote from the S4/S5 interface, and this glycine does not appear to interact with other r-proteins or 16S rRNA ( Fig. 7B ; Wimberly et al. 2000) . Thus, it is unlikely that substitution of glycine 28 for aspartate in S5 manifests its effects in an identical manner as the other ram mutations. The ribosomes containing S5(G28D) show altered reactivity to chemical probes compared to wild-type ribosomes (Fig.  6 ), and these changes are distinct from other ram mutations (Allen and Noller 1989) . These reactivity changes correlate very well with observed changes in the accuracy of decoding by S5(G28D) ribosomes. Many of the changes are observed in the neck of the 30S subunit, and therefore it is possible that the deleterious effects associated with this change result from a misalignment of the head relative to the body and platform. Again, this would be consistent with a hypothesized role for loop 2 of S5 . The phenotypic changes associated with this novel S5 mutation could result from an indirect effect at the S4/S5 interface due to this remote mutation. Alternatively, changes in the conformation of loop 2 due to this single amino acid change or changes associated with the dramatic changes in chemical/physical properties that occurred when aspartate is substituted for glycine could be responsible for these findings. Overall, our findings could suggest that there are different means by which changes in S5 result in ram phenotypes and dramatically alter the functional capabilities of ribosomes.
MATERIALS AND METHODS
Selection of spectinomycin-resistant, cold-sensitive strains E. coli strain CSH142 was grown in 23 yeast extract and tryptone media (23 YT) (40 individual cultures) containing 60 mg/mL spectinomycin overnight at 37°C. Cultures were then plated on 23 YT plates containing 60 mg/mL spectinomycin (spc60). Colonies that appeared on independent plates were restreaked to spc60 plates to confirm spectinomycin resistance and to Positions of functional mutations in S4 and S5 shown on the threedimensional structure of r-proteins S4 and S5 from the 30S subunit of T. thermophilus ) (1J5E.pdb). r-Protein S4 is shown in magenta and the balls represent the sites of ram mutations on r-protein S4 (for review, see Kurland et al. 1996) . r-Protein S5 is shown in blue and the sites of ram mutations in S5 (Itoh and Wittmann 1973) are represented as cyan balls. Conserved glycine 28, which results in a ram mutant (this study), is shown in red. 16S rRNA and all the other r-proteins are omitted for clarity. generate single colonies. Single spectinomycin-resistant colonies were then patched and tested for growth at both 37°C and 20°C. Colonies that were able to grow at 37°C but not at 20°C in the presence of spc60 were further characterized.
DNA preparation and sequencing
Competent cells were prepared and transformed essentially as described (Hanahan 1983) . Transformants were plated on 23YT plates containing 60 mg/mL spectinomycin and/or 12.5 mg/mL tetracycline. Plasmid DNA and genomic DNA were prepared by the alkaline lysis method (Sambrook et al. 1989) or commercial DNA preparation kits (Quiagen). DNA sequencing was performed at the Iowa State University DNA Sequencing and Synthesis Facility. The S5 gene was sequenced using the following primer: S5G3: 59-TTGACACTGCGGGTTTGAG-39
Determination of doubling times
Overnight cultures with 60 mg/mL spectinomycin (depending on the requirement) were grown in 23 YT and were used to inoculate 50 mL 23 YT media. Cells were grown at 37°C (permissive temperature) for the length of the experiment or grown at 37°C for 30-60 min prior to being shifted to 20°C (nonpermissive temperature). Optical density at 600 nm was measured at several time points during the course of the growth (at least a total of 7 h). Growth curves were generated and used to determine the doubling times.
Polysome analysis
Polysome analysis was essentially done as described (Maki et al. 2002) . The polysomes were analyzed by sucrose gradient sedimentation using 10%-40% sucrose gradients in 20 mM Tris-HCl (pH 7.8), 10 mM magnesium chloride, and 100 mM ammonium chloride in a SW41 rotor (26,000 rpm) for 17 h at 4°C. The speed and time were optimized to enable a better separation of the 30S and the pre-30S peak, therefore not allowing the polysomes to be readily observed. Additionally, peak fractions were collected from the gradients, and particles were concentrated on 100 K cutoff Centricons and then used for chemical probing.
Overexpression and purification of S5(G28D) mutant protein
Site-directed mutagenesis of the S5 gene previously cloned in pET24b (Culver and Noller 1999) was carried out using the Stratagene QuickChange Site-Directed Mutagenesis kit. The primers used for site directed mutagenesis were:
Sense primer: 59-CCGTTAAAGGTGATCG TATTTTCTCC-39 and Antisense primer: 59-GGAGAAAATACGAT CACCTTTAACGG-39
The mutant clones were authenticated by sequencing with the T7 forward primer. The S5(G28D) protein was overexpressed and purified as described for the wild-type protein (Culver and Noller 1999) .
In vitro reconstitution of 30S subunits and subunit association of reconstituted 30S Subunits and natural 50S subunits
Reconstitution of 30S particles was done using a ninefold molar excess of each purified recombinant protein over 16S rRNA, following an ordered assembly protocol as described (Culver and Noller 1999) . Subunit association of reconstituted 30S subunits and native 50S subunits was done as described (Culver and Noller 1999) . Reconstituted 30S and 70S particles were purified on 10%-40% sucrose density gradients as described (Culver and Noller 1999) . Purified and concentrated reconstituted particles were used for chemical probing experiments.
SDS-PAGE and Western blot analysis of in vitro reconstituted 30S particles with anti-S3 and S4 antibodies
In vitro reconstituted 30S particles with either wild-type S5, S5(G28D), or no S5 were purified on sucrose density gradients and concentrated on 100 K cutoff centricons. Equal amounts of the particles (z40 pmol) were loaded onto 15% urea SDS-PAGE gel along with purified S3 and S4 proteins as controls. Gels were either stained with Coomassie blue or the proteins were transferred onto nitrocellulose membrane and subsequently probed with antibodies against S3 and S4 and visualized by autoradiography. +1 frameshift AUG AUU ACG CUA AGC UUU GUGU AGG GUU AGC GGC CCU AAU UCA CUG
The underlined CUG leucine condon corresponds to codon 7 of the wild-type lacZ gene.
Transfer RNA binding
Transfer RNA binding was done as previously described (Culver and Noller 1999) . The reported tRNA-binding activities are an average from three to six independent experiments. tRNA binding to 50S subunits alone was 5%, and this has been subtracted from the values reported for 70S ribosomes.
Bacterial strains and plasmids used for fidelity studies
An isogenic strain carrying the S5 (G28D) mutation was constructed by transducing MC136 (D[lac-pro]thi -aroE::Tn10[Tetracycline]) (M. O'Connor, pers. comm.) to aromatic amino acid independence and loss of tetracycline resistance with Phage P1 grown on the S5 (G28D) mutant strain. This strain was called the DlacZ S5(G28D) strain. The presence of the mutation in this strain was ascertained by PCR amplification of the S5 gene and its subsequent sequencing. All the lacZ plasmids used in this study are as shown below (O'Connor et al. 1997) . pSG plasmids encoding wild-type lacZ, non-AUG initiation condon containing lacZ, lacZ with premature stops at the N terminus and lacZ with N-terminal frame shift mutation (Table 1) were transformed into the D lacZ S5(G28D) strain and the b-galactosidase activity was measured in miller units (O'Connor et al. 1997 ).
b-Galactosidase assay
Cells to be assayed for the activity of b-galactosidase were grown in luria-broth medium containing 12.5 mg/mL of tetracycline. Overnight cultures were used as precultures to inoculate fresh media containing antibiotics to generate logarithmically growing cells that were used for the assay of b-galactosidase activity as described previously (O'Connor et al. 1997 ). b-Galactosidase activity from the plasmid encoding wild-type lacZ in the wild-type strain, MC 256 (O'Connor et al. 1997) , and the mutant strain, DlacZ S5(G28D) strain (from this study), were used for normalization. The level of activity observed in the wild-type strain was set to one for all plasmids.
Chemical probing and primer extension analysis
Chemical probing of the 16S rRNA in the in vitro reconstituted particles and in vivo particles was done with kethoxal, as described (Merryman and Noller 1998; Holmes and Culver 2004) . RNA extraction of the modified particles was performed as described (Culver and Noller 2000) and used as a template for primer extension analysis. Primer extension analysis was done as described Culver and Noller 2000) .
Examination of r-protein S5 and 16S rRNA contacts
Crystal structures (1FJG.pdb, 1J5E.pdb, and 2AW7.pdb) were analyzed using ENTANGLE (Allers and Shamoo 2001) to determine if glycine 28 of r-protein S5 (or its equivalent) interacts with 16S rRNA.
